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ABSmCT 


Values  of  yield  strength^  tensile  strength^  elongation^  and 
lounges  Modulus  have  been  determined  on  00  015*^  diameter  ^ 
zirconium  Hire  at  tes^jeratures  ranging  from  70°  "Fo  to  1000  Po 


INTRODUCTION g 

In  vieH  of  the  fact  that  possible  applications  of  zirconium 
metal  involve  its  use  at  elevated  teraperatureSp  a  knowledge  of 
its  elevated  tenperature  mechanical  properties  will  be  of  value® 
Although  the  mechanical  properties  of  zirconium  have  been 
investigated,  rather  thoroughly  at  room  1 01155 erature^,  a  relativriy 
small  amoimt  of  work  has  been  done  at  elevated  temperatures© 

Rmil  gpi^l/  £suminarizes  the  available  short  time  tensile  properties 
of  zirconium©  These  are  given  in  Table  I© 


TABLE  I 


Uaterial 

AtmosphOTe 

Elong« 

% 

Eedo  in 
Areap  % 

Tensile 

Strength^psi 

Iodide  (extruded) 

air 

20 

23.7 

39o7 

65,000 

K  m 

argon 

250 

32.7 

55*1 

UOgOoo 

»  m 

argon 

500 

39.7 

68.0 

28,500 

a  a 

argon 

750 

99.6 

97o8 

8,000 

Iodide  Crystal 

helium 

500 

2U,000 

nitrogen 

500 

I5;r000 

helium 

700 

10,000 

nitrogen 

700 

7,000 

helium 

800 

6,600 

nitrogen 

800 

_ 

500 

_ 

Elevated  tei^erature  hardness  values  for  zirconium  produced  hj 
reduction  of  the  chloride  by  magnesium  have  been  reported  by 
Hayes^  et  al(^)o  Values  of  Brinell  hardness  taken  from  a  plot  of 
hardness  versus  teinperature  are  as  follows  § 


TABLE  n 


Test 

Teapo,  oC 

Brinell  Hardness  of  j 

Cast  Zr 

Soiled  Zr 

20 

12G 

200 

100 

95 

180 

200 

125 

250 

55 

no 

300 

h5 

95 

Uoo 

ho 

75 

500 

35 

50 

600 

25 

30 
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Boulger^^^  gives  the  follomug  data  on  the  room  ten5)eratiire  tensile  prcper^- 
ties  of  zirconiums 

i 


TABLE  III 


A 

B 

Held  strength 

(0o2%  offset)  ^si) 

1^,000 

69,000 

iii,5oo 

Ultimate  strength  (psi) 

86,000 

39,500 

Reduction  in  area^  % 

26 

3li 

35 

Elongation^  %  (four 
diameter  gage  length) 

28 

17 

33 

Rockwell  hardness 

b=.25 

r-70 

B-87 

^-105 

B™ll2 

7-83 

Notes  A  “  0*25^  diameter  rod  machined  from  as- 
deposited  bars 

B  -  O0I25*  diameter  rod^  reduced  from  above 
by  cold  sTiaging  6$% 

C  «  Same  as  annealed  at  Co  in  vacuo 


Material  ishich  has  been  cold  mjrked  and  annealed  has  higher  tensile 
strength^  as  well  as  higher  elongation,  and  reduction  in  area^  than  has  the 
material  in  the  as-d^osited  conditiono  This  effect  is  usually  noted  in 
material  worked  down  to  small  sizeso 
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Table  IV  shows  the  erfect  of  annealing  te(zi^)erature  on  tensile  strength  and 
elongation^  very  marked  changes  in  the  curves  of  tensile  strength  and 
elongation  versus  tendering  tenperature  occur  between  UOO®  Co  500®  Qcj, 
indicating  that  the  recrystallia&ation  ten^aerature  lies  in  this  rang6« 


TABLK  IV 


Elongo 

% 

Ultiwte 
Strengths  pei 

0.02'» 

wires 

cold  swaged 

3 

115,000 

W 

a 

3  hps.j,  UOQO  C, 

2-2/2 

101,000 

m 

a 

3  •  500°  C. 

12 

56,000 

m 

a 

1  hr.s  600°  C. 

12-1/2 

51,000 

w 

a 

1  "  700°  C. 

12-1/2 

ltU,ooo 

a 

1  •  800°  C, 

11 

38,500 

a 

a 

1  •  900°  C, 

15-1/2 

U3,000 

a 

a 

lA  •  1000°  C. 

15 

itUpOoo 

m 

CVJ 

O 

o 

wireWs  drawn 

2 

128,800 

a 

a 

tempered  U55®  Co 

5-1/2 

93,500 

a 

a 

annealed  790°  C. 

lit 

61,000 

Woteg  Elongation  values  for  gag«  lengths 

All  aateriala  processed  from  iodide  crystal 
bar« 

♦  Different  investigationo 
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The  potent  hardening  effect  of  small  anraunts  of  inpirities  (prohahly  mainly 
oxygen  and  nitrogen)  is  ahoan  in  Table  Vo  Tne  tensile  strength  of 
magnesinm-redaced  zirconium  is  about  75^  higher  than  that  of  iodide  zirowiiumj 
this  is  probably  due  to  the  greater  amo\mt  of  inpurities  present  in  the 
magnesium  reduced  materialo 


TABLE  V 


l^^terial 

Processing 

Treatment 

Red.  in 
Areaj,  % 

^ongo 

% 

Held 

Strength 

Ultimate 

strength 

Iodide  Zr 
(Rockwell  B-38) 

As  rec^d 

13*6 

18,750 

1*0^750 

Vacuum  melted 
in  graphite^, 
cast^  extruded 
at  800°  C. 

39o7 

23.7 

61i,750 

As  above  5, 
extruded  at 
1060^  Co 

lt6.2 

21.5 

35*250 

56,5«) 

Mg^reduced  Zr 
Rockwell  B-81i 

As  rec’d 

31.1* 

13o7 

U3*5oo 

68,500 

As  rec®d 
metal  canned^ 
extruded  at 
800°  Co 

1*3.8 

15.3 

U2J50 

80,250 

As  above ^ 

ext^ruded  at 
1060°  C, 

1*3.7 

19.9 

1*7*750 

79*500 
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EXPERIMENTAL? 


A  sketch  of  the  furnace  designed  for  these  tests  is  shomi  in  Pigo  lo  The 
furnace  proper  consisted  of  a  one  inch  diameter  stainless  steel  tube  having 
an  insulating  layer  of  asbestos  paper  soaked  in  TOter  glass  on  the  outer 
surfaceo  On  this  nas  ivound  a  nichrome  heating  elemento  Over  this  mnding 
•was  applied  a  coating  of  alundum  cemento  Rather  than  atteupting  to  remove 
temperature  gradients  by  taper  winding  the  furnace^  the  required  constant 
teii5)erature  was  obtained  by  applying  varying  thicknesses  of  alundum  cement. 
By  this  method^  a  central  zone  six  inches  long  yra,s  obtained  Tihich  varied 
^  2^  F*  The  protective  atmosphere^,  in  this  case  argon^  -was  preheated  to 
the  testing  temperature  by  passing  it  through  the  gas  heating  furnace 
shown  in  the  lower  right  of  •the  figureo 

The  tank  argon  used  as  protective  atmosphere  was  purified  by  passing  it 
through  two  drying  towers  filled  with  magnesium  perchlorate  and  over 
uraniiim  chips  maintained  at  -  700^  Co 

The  testing  furnace  was  gas-tight  at  all  points  except  lAiere  the  upper  grip 
passed  loosely  through  the  top  of  the  fumaceo  The  argon  was  exhausted 
under  positive  pressure  through  this  annular  hole  at  a  flow  rate  of  ap¬ 
proximately  3  to  5  cubic  feet  per  hour^  preventing  entrance  of  air.  Th© 
specimens  were  slightly  darkened  after  testing^  indicating  that  a  small 
amount  of  oxidation  occurred  probably  just  after  the  furnace  was  closed 
after  mounting  a  new  specim^o 

The  material  tested  was  0o0l5  inch  diameter  zirconi-um  wire  produced  from 
iodide  crystal  bar  by  Foote  Mineral  Coo  (Lot  Noo  910-65)  o  Its  processing 
history  -was  as  follows? 


TABLE  VI 


lo  Crystal  bar  cold  rolled  to  Oel25  inch 
2«  Vacuum  annealed  at  1250®  Fo  for  1  minute 
3o  Cold  swaged  through  0<jl25  inch  die 
lio  Sheathed  in  brass 
5o  Swaged  to  0o086  inch 
6o  Sheathed  wire  draim  to  0.0253  inch 
7o  Brass  sheath  removed  in  HNOj 
8a  Vacuum  annealed  on  spools  ai  1300®  F. 
for  li5  minutes. 
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Room  temperature  tensile  properties  of  this  material  are  (average  of  six 
values) g 

Tield  Streng^-h  22^000  psi 

Tensile  Strength  -  1^5^000  ^ 

Elongation  gage)  ““  18^ 

These  are  about  the  values  to  be  expected  from  a  study  of  the  data  in 
Table  IV^  shoT/Ting  0^02  inch  "wire  annealed  at  700^  Cc  (cur  material  annealed 
at  Co)  to  have  a  tensile  strength  of  liii^^OOO  psi  and  an  elongation  in 

5o9”  gage  length  of  12»l/2/^c  The  material  used  in  this  investigation^^ 
therefore^  appears  to  be  about  fully  annealed o  It  is  knoTO  that  this 
material  represents  part  of  a  low  hafnrom  content  loto 

The  tensile  testing  machine  used  in  this  investigation  Turas  a  Tinius  Olsen 
model  developed  for  Sylvania  Electric  Products  for  use  in  testing  Trireo 
Its  low  load  ranges  (1000  and  2^00  grams  full  scale)  and  high  elongation 
magnification  (10  to  20  times)  were  designed  for  precise  measurements « 

Special  arrangements  had  to  be  made  to  grip  this  small  diameter  wire^ 
inasmuch  as  the  -standard  wire  grips  were  too  large  to  fit  inside  the 
fumaceo  This  difficulty  was  overcome  by  using  collets  of  one  inch 
lengths  of  copper  tubing  approximately  0o080^  CoDo  and  0o020”  loBo;  these 
were  crin^jed  on  the  ends  of  the  specimens  and  in  turn  were  clamped  into  a 
3/32®  diameter  hole  in  the  grips  by  means  of  set  screwso 

Four  inch  gage  length  specimens  were  used  for  determination  of  tensile 
strength^  yie]„d  strength  (0o2^  offset)^  and  elongation^  idiile  five  inch 
gage  length  specimens  were  used  for  the  determination  of  Young Modulus o 
Testing  procedure  was  as  follows?  The  furnace  (at  the  desired  teii5)er- 
ature)  was  raised  so  that  the  grips  were  expos ed„  The  specimen  was 
clamped  in  the  grips  as  quickly  as  possible^  and  the  furnace  was  lowered 
so  that  the  taper  joints  formed  an  air  tight  -sealc  (These  joints  were 
lubricated  with  a  silicone  stop- cock  grease  which  remained  quite  viscous 
throughout  the  tests  )o  T3hen  the  temperature ^5  as  read  on  the  chrcmel- 
alumel  thermocouple  near  the  center  of  the  test  specimen^  showed  the 
temperature  to  be  constant  at  the  desired  level  for  five  minutes 3  the 
test  was  ruuo  Tests  made  to  determine  tensile  strength^  yield  strength^ 
and  elongation  were  made  at  head  rates  of  002,  0^$^  and  2*0  inches  per 

minute 3  corre -spending  to  strain  rates  on  four  inch  specimens  of  OoO^^ 

0ol2S^  and  0o50  Inch/inch/minuteo  Tests  made  t-c  determine  Yo^jng^s  Modulus 
were  made  at  a  head  rate  of  0o02,5  inch  per  minLute^  corresponding  to  a 
strain  rate  on  a  five  inch  specimen  of  0o005  inch/inch/minuteo  The  tests 
for  this  determination  were  made  in  much  the  same  manner  as  the  others « 
However^,  the  specimens  were  not  run  to  fracture^  and  four  determinations 
were  made  on  each  specimen « 


DISCUSSION  OF  RESULTSs 


The  results  of  our  tests  are  tabulated  belows 

TABLE  VII 


STRAIN  RATE  -  0<,0g  INCH/IHCH/MIHUTE 


Test 

Tensile  Strength 

Yield  Strength 

Elongation 

Ten?)«  op 

psi 

psi 

$  in  !*•* 

70 

U5100 

20700 

19.3 

U5100 

20700 

18.0 

200 

U0800 

21900 

1608 

itlllOO 

21300 

16.3 

Uoo 

32hOO 

I8300 

15.3 

33200 

I8800 

15.0 

600 

25700 

15200 

li*.3 

25800 

151*00 

13.6 

800 

19100 

13500 

13.6 

18600 

13600 

13o9 

1000 

10100 

91*00 

32.8 

10500 

.... 

9000 

1*1*.  5 

STRAIN  RATE 

-  O0I25  INCH/INCH/MINUTE 

70 

it55oo 

22500 

19.9 

U51*oo 

21*1*00 

18,3 

200 

38800 

201*00 

17.9 

it0600 

21700 

18,3 

Uoo 

33500 

18900 

16.5 

33600 

19000 

16.5 

600 

26800 

15800 

ll*oO 

26200 

15500 

11*.  5 

800 

201*00 

11*000 

ll*.3 

20200 

il*5oo 

15,8 

1000 

11600 

9600 

28,8 

11500 

10700 

21*.  8 

TABLE  VII  (eont»d) 


Test 

Tempo  ^ 

STRAIN  RATE  =  0c50  INCH/INCH/MINUTE 

Tensile  Strength 
psi 

11, eld  Strength 
psi 

Elongatioc 
%  hi  k” 

70 

U6300 

23800 

17.8 

it6300 

20100 

17.3 

200 

ItlliOO 

21900 

17.3 

1^2000 

23800 

17o8 

uoo 

3UOOO 

19800 

15.5 

3I4IOO 

19700 

15.8 

600 

27200 

19600 

12.li 

28200 

20600 

ll.c9 

800 

20UOO 

i3Uoo 

12. U 

20800 

15800 

13ol 

lltOOO 

11300 

23.3 

lUloo 

11600 

22.3 

TABLE  Till 

STRAIN  RATE  ■=  O.OQg  INCH/INCH/MINUTE 


Test 

Tempo  ^ 

Yo'Ung*3  Modulus 
psi 

70 

9.3  X  106 

200 

7.9  X  10^ 

Uoo 

5.9  X  10^ 

600 

5.6  X  10^ 

800 

5.6  X  10^ 

1000 

U.2  X  10^ 

These  data  are  shoim  graphically  in  Figures  2  through  ks  plotting  tensile 
strength  and  yield  strength  (Figc  2)^  elongation  (Figo  3)  s  snd  Young 
Modulus  (Figo  I4)  versus  temp^ratureo  Both  tensile  strength  and  yield 
strength  decrease  mth  increasing  temperature^  irlth  a  more  or  less  linear 
relationship  appearing  between  the  strength  value  and  tenperature®  It 
is  interesting  to  note  in  Figo  2  that  the  tensile  strength  decreases  much 
more  rapidly  mth  increasing  tenp^ature  than  does  yield  strength^  until 
at  1000^  Fo  the  values  are  almost  the  saneo  The  lack  of  strain  hardening^ 
that  iSp  little  or  no  difference  between  yield  and  tensile  strengths^, 
indicates  that  the  material  is  recrystellising  at  the  same  time  that  it 
is  being  stralnedo  It  should  also  he  noted  that  increasing  the  strain 
rate  appears  to  increase  the  strength  values^  although  the  effect  is  not 
marked  in  the  ranges  of  strain  rates  investigatedo 

Elongation  may  be  seen  to  decrease  with  increasing  tesperature^  at  least 
up  to  the  range  8OO®  «  1000^  F®  There  the  elongation  increased  very 
rapidly  with  increasing  temperature^  the  variaticm  in  elongation  values 
at  1000^  Fo  indicates  that  the  material  is  in  a  somewhat  unstable  condition^ 
which  may  be  associated  with  the  recrystallissation  phenomenon  discussed  in 
the  previous  paragraph o 

The  graph  of  Yeung  ®s  Modulus  versus  temperature  again  shows  a  decrease 
with  increasing  tejipeyaturee  Our  value  for  Young*  s  Modulus  at  room 
temperature  (9o3  x  10°  psi)  is  somewha^  lower  than  previously  reported 
values^  Tdiich  range  from  11  to  lli  x  10°  psi®  Battelle  has  reported  a 
linear  decrease  in  Young *s  Modulus  from  13o2  x  10^  psi  at  70°  Fa  to 
10c 6  xlO°  psi  at  600°  Fo 

CONCLUSIONS g 

Tensile  tests  on  0o0l5  inch  diameter  annealed  zirconium  wire  in  the  tenper*- 
ature  range  70°  -  1000°  F©  show  thatg 

lo  Tensile  strength  decreases  linearly  from  approximately  1^5^000 
psi  at  70°  Foto  10^000  psi  at  1000°  To 

2o  Yield  strength  decreases  from  about  20^000  psi  at  70°  F®  to 
9000  psi  at  1000°  Fc 

3o  Elongation  decreases  slightly  from  its  room  tenperature  value 
of  18^  as  temperature  increases «  In  the  range  800°  »  1000°  F^, 
the  elongation  increases  to  about  30^ « 

kc  Young *s  Modulus  decreases  in  a  curvilinear  manner  from 
9«3  X  10°  at  70°  Fo  to  h.2  X  10°  at  1000°  Fo 
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The  effect  of  degree  of  preferred  orientation  on  Young® s  Modulus  is  being 
studied  at  present |  a  metallographic  study  of  recrystallization  during 
testing  at  1000^  ?<,  is  also  being  madeo  Results  mil  be  reported  as  they 
are  aval lab lee 
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